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Introduction
Ions in the copper isoelectronic sequence have been extensively studied, because of their deceivingly simple electronic structure and their applications as sources of reference lines in spectroscopy. The study of spectra of highly excited ions of Cu-like ions has received a great deal of attention both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Laser produced plasma in the region of Soft X-ray (for wavelengths in the 2 ∼ 200 Å range) and XUV (for wavelengths in 300 ∼ 1000 Å range), have many uses in spectroscopy and is one mean for determining detailed electronic properties of materials [11] . X-ray lasers became reliable, efficient, economical and have several important applications [11] . The first demonstration of a soft x-ray laser has been done by Matthews et al in 1985 [12] . Many efforts to improve the features of soft x-ray lasers, such as the brightness, pulse duration, temporal and spatial coherence, spectral bandwidth and collimation, have been made [13, 14] .
Shortly after the demonstration of the first soft X-ray amplification in neon-isoelectronic selenium by Mathews et al. [12] , extensive work was done both theoretically and experimentally on other systems. Progress towards the development of soft X-ray lasers with several plasma-ion media of different isoelectronic sequences was achieved at many laboratories. Hagelstein et al. [15] observed stimulated emission in the soft X-ray spectral region in Ni-sequence by the collisional excitation scheme of elements of low atomic numbers. An extensive series of experiments for developing a soft X-ray laser using Li-sequence was performed by Jaeglé et al. [16] using a high power laser for pumping Al-targets. Silfvast and Wood [17] obtained a soft X-ray oscillator and amplifier from Na-sequence by photoionization pumping with laser produced plasmas.
The present paper includes calculations of electron impact excitation rate coefficients of the copper-like ions Sb XXIII, Te XXIV, I XXV, Xe XXVI, Cs XXVII and Ba XXVIII by calculating energy levels, the F o r R e v i e w O n l y 2 possible allowed transition probabilities and oscillator strengths upon using the Cowan atomic structure code with relativistic corrections. Life times, level populations and gain coefficients for the most promising soft X-ray transitions are also evaluated. Isoelectronic trends for the excitation rate and gain coefficients are also investigated.
Theoretical calculations of atomic Structure
The fine structure energy levels, oscillator strengths, and transition probabilities of Cu-like ions for elements from Z = 51 to Z = 56 are calculated by solving the Hartree-Fock equations with relativistic corrections (RHF) through the Cowan suite of atomic codes. [18, 19] .
The energies of the various states of the field-free atom are given by the eigenvalues of matrices (one matrix for each possible value of total angular momentum) whose elements connecting states B and B' may be written in the form
Here i l and j l are orbital angular-momentum quantum numbers of electrons of a configuration
Where E av is the central field energy which is the average energy of all states. In practice, modest ad hoc scaling adjustments are applied to the electrostatic and the spin-orbit interaction parameters F k , G k , and ζ but are theoretically defined in terms of the radial portions
of the one-electron wavefunctions [18] .
The parameter coefficients f k , g k , d i in Eq. (1) depend on the angular quantum numbers of the basis states B and B' of the configuration (2) in the chosen representation, but are independent of the radial wavefunctions and therefore of the particular atom or ion which exhibits this configuration. These coefficients are calculated in detail by R. D. Cowan [19] .
The transition probability rate from a higher state J M γ ′ ′ ′ to all lower states M of the level J γ is given by [19] :
Where ( )
is the wave number of transition and S the electric dipole line strength is defined by:
This quantity is a measure of the total strength of the spectral line including all possible transition between M, M ′ . The tensor operator P (1) (first order) in the reduced matrix element is the classical dipole moment for the atom in units of ea 0 . The absorption oscillator strength is related to S by [19] ( ) [4, 5, 10] . The present calculations for energy levels have a good agreement with experiment within 0.0002 to 0.421%. Also tables (S4-S9) shows the calculated wavelength λ (Å), transition probability A ji (s -1 ) and oscillator strength f ij of the different allowed transitions for these ions. The present calculated data are compared with the available theoretical and experimental data [6, 7 ,9, 10] .
Data in tables (S4 to S9) are used to calculate the total transition probabilities in (sec -1 ) of the excited states in Cu-like ions for Sb XXIII up to Ba XXVIII and are listed in table (S10).
we do not include any core polarization or core excited states in our calculation, we expect that the RHF oscillator strengths should become more reliable as the nuclear charge increases along the isoelectronic sequence because of the diminishing role of electron correlation which starts strong for neutral copper [20] and decreases as the nuclear charge increases along the copper isoelectronic sequence as indicated in reference [4] . For this reason the highly charged copper-like ions (Sb XXIII, Te XXIV, I XXV, Xe XXVI, Cs XXVII and Ba XXVIII) could be considered to have a simple structure (one electron outside a closed shell) where the energy levels approximately free from effects of configuration mixing.
Tables (S2 and S3) show that the energy levels increases with the nuclear charge. This increase due to the increase in the electrostatic interactions existing between the core charge and the excited electrons as the core charge increases in the various members of the sequence [18] .
Tables (S4-S9) show that for most transitions the value of oscillator strength decreases with Z. This is because that the radial integrals for the dipole transition matrix element (represented in the line strength S in equation (5)) decrease when the nuclear charge Z increases. This result is explained by the contraction of the ionic orbitals toward the coordinate origin with increasing Z [21] . In some transitions, the f-value are found to increase with Z, this is due to the increase in transition energy ∆E and wave number σ in equation (5) is much faster than the decrease in radial integrals for the dipole transition matrix element in the same equation.
Studies of f-value regularities are of great practical importance for two reasons: First, they may be utilized to obtain, by graph interpolations, additional accurate oscillator strength values for ions not covered by existing experimental or theoretical data and, second, they may be utilized to evaluate the reliability of existing data from the degree of fit into an established systematic trend.
3-Gain Calculations

Rate Coefficients
Rate coefficients can be calculated by integrating the corresponding cross section over the Maxwellian energy distribution function. Different types of cross section approximations have been used by different authors to calculate the rate coefficients [22] [23] [24] [25] .
Vriens and Smeets [24] 
Where, both electron temperature, kT e and the Rydberg energy, R are in eV, E pq = E q -E p is the energy difference between the two levels and f pq is the absorption oscillator strength. The values of the parameters Γ pq , ∆ pq and B pq are obtained in detail from [24, 25] and found to depend on the energy levels under consideration, ionization energy and oscillator strength. In addition, the de-excitation rate coefficient is given by
Where g p and g q are the statistical weights of the lower and upper levels respectively.
For the hydrogen atom, p and q are the principal quantum numbers. For atoms or ions with a single electron outside closed shell (present work), the principle quantum numbers are replaced by effective quantum numbers in the above mentioned equations, i.e.
Where E pi , E qi are the ionization energies of the lower and upper levels respectively, R is the Rydberg constant and Z eff is the effective nuclear charge.
Level Populations
Level populations are calculated by Feldman et al [26] [27] [28] [29] by solving the steady-state rate equations:
where N j , is the level j population densities , A ji is the spontaneous decay rate from level j to level i in s -1 , N e is the electron density in cm -3 , C e ji and C d ij are the electron collisional excitation and de-excitation rate coefficient respectively in cm 3 s -1 .
The population of the j th level is obtained from the identity [26] [27] [28] [29] ,
Where N I is the total number density of ions under consideration in all levels, N T is the total number density of ions in all ionization stages. Since the populations calculated from equation (9) are normalized such that 
Where n =30 is the number of all the involved levels of the ion under consideration. The actual number density of any level is obtained from equation (10) where the normalized quantity N j /N I is obtained from the solution of equation (9) . N I /N T is assumed to be 1/4, i.e, 1/4 of the ions are in the considered degree of ionization in the Cu-like ions and the rest are in nearby degree of ionization [26, 28] . N T /N e = 1/κ where κ is the ionization stage of the particular ion under consideration [26, 11] . Numerical calculations for the rate coefficients (equations 6 and 7) and solution of the steady state rate equations (9) in order to determine level population densities of the forty levels [Ar]3d 10 nl where n=4-7 and l=0, 1, 2, 3, 4, 5, 6 have been performed for Sb XXIII, Te XXIV, I XXV, Xe XXVI, Cs XXVII and Ba XXVIII using the computer code CRMO developed for collisional radiative model calculations [30] . The ionization energies needed in the calculations of the rate coefficients are obtained from NIST [10] . The most promising transitions that found to give population inversion are 3d 10 5s Figure (1) gives the schematic energy level diagram for such laser transitions showing the total transition probability of upper and lower lasing levels for Ba XXVIII. A demonstration of the ratio between the total excitation rate coefficients and the total de-excitation rate coefficients for the various lasing states as a function of electron temperature kT (eV) is shown in Figure ( 2) for Xe XXVI. To keep on the abundance of the copper like ions, the electron temperatures are chosen to be 1/4, 1/2 and 3/4 of the ionization energy. The Z-dependence of the collisional excitation rate coefficient between the lasing transitions at the three selected electron temperatures is shown in Figure ( 3) . It is clear that the excitation rates decrease with increasing the ionization stage in the Cu-isoelectronic sequence. This is mainly due to the increase in the energy gap E pq with Z as shown in tables (S2, S3) and also the decrease in the value of the oscillator strength f L with increasing the ionization stage as shown in tables (S4-S9). Figure (4) shows both of the variation of the energy gap E pq in eV and the oscillator strength f L with the ionization stage for the 3d 10 5s ( 2 S 1/2 )-3d 10 5p( 2 P 1/2 ) transition where the data of this plot is obtained from tables (S2-S9).
To illustrate the behavior of the reduced population of energy levels of the above mentioned transitions, an example of the calculated reduced populations (fractional level populations per unit statistical weight (N j /g j N I )) as a function of electron densities at an electron temperature equals to 75% of the ionization energy are listed in Tables (1, 2) for Ba XXVIII and represented in figure (5).
The behavior of level populations shown in tables (1, 2) can be explained as follows: In general, The inversions occur because the higher lasing states 3d 10 5p and 3d 10 6d cannot decay fast to the allowed lower energy levels because they have total transition probabilities lower than that of the states 3d 10 5s and 3d 10 5f respectively as shown in table (S10) and Figure (1) for Ba XXVIII. Moreover, from figure (2) it is clear that the ratio between the total excitation and de-excitation rate coefficients is larger for the upper lasing levels than lower levels. This means that the lower lasing levels depopulate more rapidly than the higher lasing levels which enhances the population inversion between these levels.
In the case of collisional pumping, At low electron densities the reduced populations increase as functions of electron density, this is due to the increase in the collisional excitation rates with density [26, 29 & 31] . At high electron densities (N e ≥ 10 19 cm -3 ), where the collisional excitation rates exceed the radiative decay rates, the reduced populations are independent of electron density and are approximately equal (see Tables 1, 2 ). The population inversion is largest when the electron collisional de-excitation rate for the upper level is comparable to the radiative decay rate for this level [31] .
Gain Coefficients
For a Doppler broadened spectral line, the gain coefficient α is given by [32] 1/ 2 3 8 2
λ is the wavelength of the transition between the upper and the lower levels, A ul is the rate of spontaneous emission from the upper level u to the lower levels l, M is the atomic mass of the ion, k is the Boltzmann constant, T i is the ion temperature, N u , N l are the population densities of the two levels u and l and g u , g l are the statistical weights of the upper and lower levels respectively. In our calculations, for simplicity it is assumed that T i in equation (12) equal to the electron temperature T e which is larger than T i . Since α ∝ T -1/2 the calculated gain coefficient is a lower limit and should be increased by ( )
T T . The electron temperature are assumed to be less than the ionization energy of the cu-like ions and chosen to be 1/4, 1/2 and 3/4 the ionization energies of the ions under consideration.
The calculated results of gain coefficients are plotted against the electron density in Figures (6, 7) for different transitions in the copper like ions Sb XXIII, Te XXIV, I XXV, Xe XXVI, Cs XXVII and Ba XXVIII in cm -1 . At low densities, the gain increases approximately as N e . The maximum gain occurs at about the density where collisional depopulation of the upper level becomes comparable to the radiative decay. Above this density the upper level population increases slower than N e while the lower level populations continue to increase as N e and therefore, the difference in equation (12) begins to decrease. At very high densities, the population become almost statistically mixed and that difference goes to zero and then to slightly negative values for complete mixing. Also for increasing atomic number Z, the maximum gain occurs at higher electron densities; this is due to as Z increases, the radiative decay rate increases and the collisional excitation rate coefficient decreases and as mentioned in the previous section, the population inversions is largest when the electron collisional de-excitation rate for the upper level (increases with N e ) is comparable to the radiative decay rate for this level [31] .
The maximum gain coefficients and the wavelengths for the most promising transitions in the copper like ions Sb XXIII, Te XXIV, I XXV, Xe XXVI, Cs XXVII and Ba XXVIII in cm -1 , at different plasma electron temperatures T e (eV), are listed in Tables (3-8 ). In addition, the tables contains the corresponding life time of the upper and lower laser levels τ (ns) and the plasma electron density N e (cm -3 ). The wavelengths of the various transitions are found to lie in the soft X-ray and XUV region of spectra. Unfortunately there are no previous experimental or theoretical data of laser gain for such ions to compare with. However, one of the aims of this article is to identify and predict new laser transitions in order to be a guide line to the experimental investigations.
Conclusion and outlook
Our calculations may give an attribute in the production of soft x-ray laser by collisional pumping under actual experimental conditions. In this case additional processes, such as radiative, dielectronic recombination, and perhaps resonances can significantly affect level populations which needs a future study. Experiments involving electron-collisional excitation pumping are explained in detail in reference [11] , we suggest a direct electron excitation in a gaseous discharge may be used to produce the desired inversion. This method is used in some of the gaseous ion lasers. With this type of excitation the laser medium itself carries the discharge current. Under suitable conditions of pressure and current, the electrons in the discharge may directly excite the active ions to produce a higher population in certain levels compared to lower levels. In this case the relevant factors are the electron excitation rates and the life times of the various levels.
In the present work we presented the most promising excited states for the Cu-like ions Sb XXIII, Te XXIV, I XXV Xe XXVI, Cs XXVII and Ba XXVIII that can produce soft x-ray laser radiation. These transitions are 5p-5s and 6d-5f with wavelengths between 108 Å and 571 Å.. The value of the maximum gain coefficients ranges from 10 2 to 10 4 cm -1 and are found to increase with increasing the atomic number. Table 5 . Wavelength λ (Å), life time τ u (ps) and maximum gain coefficients α max for I XXV as a function of electron density N e at three selected temperatures T e namely quarter, half and three quarter of the ionization energy. 
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